Europaisches Patentamt 
European Patent Office 
Office eu rope en des brevets 



niiiuiiiiiwiiini 

(ID EP 1 179 884 A2 



(12) EUROPEAN PATENT APPLICATION 

(43) Date of publication: (51 ) lnt c , 7 . H02M 3/335 

13.02.2002 Bulletin 2002/07 

(21) Application number 01306615.4 

(22) Date of filing: 01.08.2001 



(84) Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 
NIC NL PT SE TR 
Designated Extension States: 
AL LT LV MK RO Si 

(30) Priority: 08.08.2000 US 634237 

(71) Applicant: Power Integrations, Inc. 
San Jose, California 95138 (US) 



(54) 

(57) A switching regulator 1 39 utilizing on/off control 
that reduces audio noise at light loads by adjusting the 
current limit of the switching regulator. In one embodi- 
ment, a switching regulator includes a state machine 
301 that adjust the current limit 305 of the switching reg- 
ulator 139 based on a pattern of feedback signal values 
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from the output of the power supply for a preceding N 
cycles of the drive signal. The state machine 301 adjusts 
the current limit lower at light loads such that cycles are 
not skipped to reduce the operating frequency of the 
switching regulator 139 into the audio frequency range 
until the flux density through the transformer is suffi- 
ciently low to reduce the generation of audio noise. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 5 

[0001] The present invention relates generally to pow- 
er supplies and, more specifically, the present invention 
relates to a switching regulator. 

10 

Background Information 

[0002] Electronic devices use power to operate. 
Switched mode power supplies are commonly used due 
to their high efficiency and good output regulation to *5 
power many of today's electronic devices. In a known 
switched mode power supply, a low frequency (e.g. 50 
or 60 Hz mains frequency), high voltage alternating cur- 
rent (AC) is converted to high frequency (e.g. 30 to 300 
kHz) AC, using a switched mode power supply control 20 
circuit. This high frequency, high voltage AC is applied 
to a transformer to transform the voltage, usually to a 
lower voltage, and to provide safety isolation. The output 
of the transformer is rectified to provide a regulated DC 
output, which may be used to power an electronic de- 25 
vice. The switched mode power supply control circuit 
usually provides output regulation by sensing the output 
and controlling it in a closed loop. 
[0003] A switched mode power supply may include an 
integrated circuit switching regulator, which may include 30 
a power switch or transistor coupled in series with a pri- 
mary winding of the transformer. Energy is transferred 
to a secondary winding of the transformer by turning on 
and off of the power transistor in a manner controlled by 
the switching regulator to provide a clean and steady 35 
source of power at the DC output. In a known switching 
regulator, a feedback current is sampled from the output 
of the DC output of the power supply. When the feed- 
back current is below a regulation threshold, the power 
switch is switched at a constant frequency. However, *o 
when the feedback current is above a regulation thresh- 
old, the switching regulator is disabled, resulting in a 
skipped cycle of the power switch. 
[0004] When cycles are skipped by a switching regu- 
lator as described above, the resulting frequency of op- *5 
eration of the switching regulator is reduced^ Thus, the 
frequency of operation of the switching regulator is var- 
ied as cycles are skipped to regulate the DC output of 
the power supply, with the frequency decreasing as the 
load coupled to the DC output decreases. Generally, 50 
when the frequency of operation of known power sup- 
plies of this type drop to frequencies within the audio 
frequency range, such as within 20 Hz to 20 kHz, unde- 
sirable audio noise is generated by the transformers of 
the power supplies. 55 



SUMMARY OF THE INVENTION 

[0005] Switching regulator methods and apparatuses 
are disclosed. In one embodiment, a switching regulator 
includes a power switch coupled between first and sec- 
ond terminals. The first terminal is coupled to an energy 
transfer element of a power supply and the second ter- 
minal to be coupled to a supply rail of the power supply. 
A drive signal generator circuit is coupled to a third ter- 
minal to receive a feedback signal representative of an 
output of the power supply. The drive signal generator 
generates a drive signal coupled to control switching of 
the power switch in response to the feedback signal. 
The drive signal generator circuit selectively disables 
each on period of the drive signal in response to the 
feedback signal to regulate the output of the power sup- 
ply. A current limit circuit is coupled to the power switch 
and the drive signal generator circuit to control the drive 
signal to limit a current flow through the power switch. 
The current limit circuit includes a plurality of current lim- 
it settings for the power switch that are selected in re- 
sponse to the feedback signal. Additional features and 
benefits of the present invention will become apparent 
from the detailed description, figures and claims set 
forth below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] For a better understanding of the present in- 
vention embodiments will now be described by way of 
example and not limitation, with reference to the accom- 
panying figures. 

Figure 1 is a schematic illustrating one embodiment 
of a power supply including a switching regulator in 
accordance with the teachings of the present inven- 
tion. 

Figure 2 is a schematic illustrating one embodiment 
of a switching regulator in accordance with the 
teachings of the present invention. 
Figure 3 is a state machine diagram illustrating one 
embodiment of the processing flow between states 
of a state machine in accordance with the teachings 
of the present invention. 

Figure 4 is a schematic illustrating one embodiment 
of state machine circuitry in accordance with the 
teachings of the present invention. 
Figure 5 is a schematic illustrating one embodiment 
of current limit adjust circuitry in accordance with 
the teachings of the present invention. 
Figure 6 is a timing diagram illustrating waveforms 
of one embodiment of switching regulator operating 
in various states of a state machine with varying cur- 
rent limit levels in accordance with the teachings of 
the present invention. 

Figure 7 is a timing diagram illustrating waveforms 
of another embodiment of switching regulator oper- 
ating in various states of a state machine with var- 
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ying current limit levels in accordance with the 
teachings of the present invention. 
Figure 8 is a timing diagram illustrating waveforms 
of yet another embodiment of switching regulator 
operating in various states of a state machine with 
varying current limit levels in accordance with the 
teachings of the present invention. 
'Figure 9 is a timing diagram illustrating waveforms 
of still another embodiment of switching regulator 
operating in various states of a state machine with 
varying current limit levels in accordance with the 
teachings of the present invention. 

DETAILED DESCRIPTION 

[0007] Method and an apparatus for regulating a pow- 
er supply are disclosed. In the following description, nu- 
merous specific details are set forth in order to provide 
a thorough understanding of the present invention. It will 
be apparent, however, to one having ordinary skill in the 
art that the specific detail need not be employed to prac- 
tice the present invention. In other instances, well- 
known materials or methods have not been described 
in detail in order to avoid obscuring the present inven- 
tion. 

[0008] In one embodiment, a switching regulator in 
accordance with the teachings of the present invention 
operates in a manner such that modes of operation in 
the audible frequency range are avoided. One embodi- 
ment of the switching regulator includes a state ma- 
chine, with each state representing a current limit level. 
At full load, the current limit is at the full level. As the 
load decreases, the frequency decreases until it is ap- 
proximately 20 kHz, the level at the upper end of the 
audible frequency range. At this point, a state transition 
to one with a lower current limit is executed. In order to 
provide the same power to the output, the feedback loop 
will request more switching cycles, thus increasing the 
frequency of operation. Therefore, the frequency is 
maintained above the audio frequency range at this 
point. In one embodiment, this process is repeated as 
the load is reduced until the state with the lowest current 
limit has been reached. This state has a current limit lev- 
el that is low enough such that the flux density through 
the power supply transformer does not cause the trans- 
former to produce unacceptable levels of audio noise. 
Therefore, the flux density through the transformer is 
Jimitedio low values with the selected low-current limit 
levels when the switching regulator operates within the 
audible frequency range due to light loads. 
[0009] In one embodiment, the switching regulator 
senses a feedback current that is determined by the sta- 
tus of the regulation of the output of the power supply. 
The more the output is below its desired level, the lower 
the magnitude of this current becomes. As will be 
shown, if the magnitude of this current is below a set 
threshold, a digital signal inside the regulator circuit, re- 
ferred to herein as an Enable signal, will become logic 



level one and the switching regulator circuit will switch. 
If the magnitude of this current is above a set threshold, 
the Enable signal will become logic level zero and the 
switching regulator circuit will skip a cycle. 
5 [0010] As will be discussed, a state machine and a 
plurality of current limit settings are utilized in accord- 
ance with the teachings of the present invention. In one 
embodiment, the state is in a low state at start-up of the 
switching regulator. The low state selects a lowest cur- 
io rent limit setting of one embodiment of the switching reg- 
ulator. If this current limit in the low state is insufficient 
to regulate the output, which can happen at start-up or 
if the load is increased, the regulator circuit will not skip 
any cycles. 

is [001 1] In one embodiment, after a pattern of N equals 
six consecutive Enable digital ones for a preceding N 
equals six consecutive switching cycles at the lowest 
state, the state machine transitions to the a medium 
state, which corresponds to a medium current limit level. 

20 |f for some reason the load is reduced and the regulator 
circuit encounters N equals six consecutive Enable dig- 
ital zeroes, which results in N equals six consecutive 
skipped cycles, the state machine makes a transition 
back to the low state. This prevents the regulator circuit 

25 from operating in the audible range in the medium state. 
In one embodiment, if the current limit in the medium 
state is insufficient to regulate the output, which can 
happen at start-up or if the load is increased, the regu- 
lator circuit will not skip any cycles. 

30 [001 2] In one embodiment, after a pattern of N equals 
six consecutive Enable digital ones for a preceding N 
equals six consecutive switching cycles at the medium 
state, the state machine transitions to the high state, 
which corresponds to a high current limit level. If for 

35 some reason the load is reduced and the regulator cir- 
cuit encounters N equals six consecutive Enable digital 
zeroes, which results in N equals six consecutive 
skipped cycles, the state machine makes a transition 
back to the medium state. This prevents the regulator 

40 circuit from operating in the audible range in the high 
state. If the current limit in the high state is insufficient 
to regulate the output, which can happen at start-up or 
if the load is increased, the regulator circuit will not skip 
any cycles. 

45 [001 3] In one embodiment, after a pattern of N equals 
six consecutive Enable digital ones for a preceding N 
equals six consecutive switching cycles at the high 
state, the staternachine transitions to a state with a high 
current limit level, referred to herein as a super high 
50 state, but one without any skipping of cycles. In this su- 
per-high state, an Enable digital one results in a switch- 
ing cycle at the high current limit level, while an Enable 
digital zero results in a switching cycle at the medium 
current limit level. This prevents the skipping of cycles 
55 at a frequency in the audio frequency range. If for some 
reason the load is reduced and the regulator circuit en- 
counters N equals six consecutive Enable digital ze- 
roes, the state machine makes a transition back to the 
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high state with the skipping of cycles. 
[0014] In one embodiment, the various plurality of cur- 
rent limit levels and the point of transition from one level 
to the next are carefully optimized. In one embodiment, 
the state machine in accordance with the teachings of 
the present invention is designed such that oscillations 
between states do not occur. If these oscillations occur 
at a sufficiently high frequency, the audio noise problem 
can reappear. These problems can occur if a load exists 
such that it cannot be handled by any combination of 
switching and skipping in any state. For example, the 
energy generated by one switching cycle followed by 5 
skipped cycles at the high current limit level can be too 
much for a certain load. If, at the same time, the energy 
generated by one skipped cycle followed by 5 switching 
cycles at the medium current limit level is too little to 
regulate this same load, then the state machine will os- 
cillate between the two states, possibly causing audio 
noise. Thus the energy levels of the different states 
overlap in one embodiment. The current limit levels of 
the various states are not separated by a substantially 
large degree. In addition, the number of N cycles of de- 
lay required for changing states is not too small. For in- 
stance, N is equal to 6 in one embodiment. It is appre- 
ciated however that in other embodiments, N may be 
greater than or less than 6. 

[0015] In one embodiment, stability of the state ma- 
chine is improved to a greater degree while at the same 
time maintaining the transient response at start-up to a 
heavy load. Increased stability is realized in this embod- 
iment with the inclusion of yet another current limit level 
state by incorporating hysteretic behavior in the medium 
state. The medium current limit level is split into two dis- 
tinct levels, a lower medium level and an upper medium 
level. 

[0016] In one embodiment, after power-up when the 
regulator circuit first enters the medium state, the cur- 
rent limit will be set to the lower medium level. If the reg- 
ulator circuit transitions to the high state and then back 
to the medium state, the current limit will be set to the 
upper medium level. If the state machine receives the 
pattern of N consecutive Enable digital zeroes that 
cause the transition from the upper medium state to the 
low state and if it then receives the consecutive Enable 
digital ones to transition back to the medium state, then 
the current limit will be set to the lower medium level. 
The upper medium and lower medium states in accord- 
ance with the teachings of the present invention are two 
different states with different current limit levels. The 
benefit of this embodiment is mainly in transient re- 
sponse as it would take less cycles to move from one 
end of the states to the other end. 
[0017] To illustrate, Figure 1 is a schematic illustrating 
one embodiment of a power supply 100 including a 
switching regulator 139 in accordance with the teach- 
ings of the present invention. As shown, an alternating 
current (AC) mains voltage is input through resistor 101 
into bridge rectifier 147, including diodes 103, 105, 107 



and 109, which provides a rectified signal to power sup- 
ply capacitors 113 that provide input DC voltage to pri- 
mary winding 149 of energy transfer element or trans- 
former 125. It is appreciated that supply rails are provid- 

5 edatthe ends of bridge rectifier 147. Switching regulator 
circuit 139 allows current to flow through primary wind- 
ing 149 during its on state of each switching cycle and 
acts as open circuit when in its off state. When current 
flows through primary winding 149, transformer 125 is 

10 storing energy. When no current is flowing through pri- 
mary winding 149, any energy stored in transformer 125 
is delivered from secondary winding 141 to capacitor 
131. Capacitor 131 delivers power to the load 143. The 
voltage across the load 143 will vary depending on the 

15 amount of energy stored in the transformer 1 25 in each 
switching cycle which is in turn dependent on the length 
of time current is flowing through primary winding 149 
in each switching cycle. 

[0018] In one embodiment, the sum of the voltage 
20 drop across optocoupler 127 and the reverse break 
down voltage of zener diode 133 is approximately equal 
to the desired output threshold level across load 143. 
When the voltage across the load 143 reaches the 
threshold level, current begins to flow through optocou- 
25 pier 127 and zener diode 133 that in turn is used to dis- 
able the switching regulator circuit 139. In one embodi- 
ment, whenever switching regulator circuit 139 is in the 
off-state the regulator circuit power supply bypass ca- 
pacitor 123 is charged to the operating supply voltage, 
30 which in one embodiment is typically 5.7 volts by allow- 
ing a small current to flow from bypass terminal 145 to 
the switching regulator circuit power supply bypass ca- 
pacitor 123. Regulator circuit power supply bypass ca- 
pacitor 123 is used to supply power to operate switching 
35 regulator circuit 139 when it is in the on-state. 

[0019] In one embodiment, switching regulator circuit 
139 operates in the following fashion under most loads 
except with very heavy loads which is described later. 
When the switching regulator circuit 139 is disabled, an 
40 open circuit condition is created in primary winding 149 
and transformer 125 does not store energy. The energy 
stored in the transformer 125 from the last cycle Qf 
switching regulator circuit 1 39 is then delivered to sec- 
ondary winding 141 , which in turn supplies power to load 
45 143 at the output of the power supply 100. Once the re- 
maining energy in transformer 125 is delivered to the 
load 143 the voltage of the load 143 will decrease. 
[0020] When the voltage at the load 143 decreases 
below the threshold level, current ceases to flow through 
50 optocoupler 127 and switching regulator circuit 139 
resumes operation either instantaneously or nearly in- 
stantaneously. Under very heavy loads, the switching 
regulator circuit 139 in one embodiment operates in a 
slightly altered fashion. The current limit level chosen by 
55 a state machine included in one embodiment of switch- 
ing regulator circuit 139 is the highest level under very 
heavy load. However, the switching regulator circuit 139 
will not entirely cease to operate when the voltage at the 
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load is above the threshold level. Instead it will operate 
at a lower current limit level. 

[0021] As mentioned, one embodiment of switching 
regulator circuit 139 includes a state machine that, de- 
pending on the load 143, chooses the appropriate cur- 
rent limit level among a discrete and finite number of a 
plurality of. current limit levels. The selected current limit 
level turns off the switching regulator circuit 139 when 
the current flowing through the primary winding 149 or 
switching regulator circuit 139 rises above the selected 
current threshold level. 

[0022] Figure 2 is a schematic illustrating one embod- 
iment of a switching regulator 139 in accordance with 
the teachings of the present invention. As shown, 
switching regulator circuit 139 includes a power switch 
or metal oxide /semiconductor field effect transistor 
(MOSFET) 229 that is coupled between a drain terminal 
231 and a source terminal 233. MOSFET 229 is 
switched on and off according to a drive signal 249 gen- 
erated by a drive signal generator. In one embodiment, 
drive signal 249 is input into the gate of MOSFET 229 
by AND gate 225. In one embodiment, drive signal gen- 
erator includes AND gates 215 and 225, OR gate 217, 
latch 219. oscillator 207, state machine circuitry 301, 
current limit adjust circuitry 305 and their associated el- 
ements. The input of AND gate 225 includes an output 
of a latch 219, a bypass terminal voltage indicator 257 
provided by undervoltage comparator 213, and a ther- 
mal status signal 241 from thermal shut-down circuit 
209. In one embodiment, Maximum duty cycle signal 
237 generated by oscillator 207 determines the maxi- 
mum time that MOSFET 229 can conduct in each cycle 
of operation. 

[0023] When the phototransistor 127 current being 
pulled out of the feedback input 203 is greater than the 
current source 205, Enable signal 235 will be pulled to 
a low state. When the phototransistor 1 27 current being 
pulled out of the feedback input 203 is less than the cur- 
rent source 205, Enable signal 235 will be pulled to a 
high state. As shown, Enable signal 235 is also coupled 
to be received by the state machine circuitry 301. State 
machine circuitry 301 will send signals 303 to the current 
limit (llim) Adjust circuitry 305, setting the current limit 
of ^rain 255 through MOSFET 229 or primary winding 
149 to be lower in light load or higher in high load. In 
one embodiment, there are three signals 303a, 303b 
and 303c included in signals 303. 
[0024] In one embodiment, current limit adjust circuit- 
ry 305 adjusts the current limit in digital steps. Transi- 
tions to a higher current limit state occur after a pattern 
of N consecutive Enable signal 235 logic highs. Transi- 
tions to alower curreritlimit state occur after a pattern 
of N consecutive Enable signal 235 logic lows. In one 
embodiment, N equals 6. At a sufficiently high current 
limit state^superhigh.signal 3Q9 outputM state.machine 
circuitry 301 will be set to be logic high state. As a result, 
OR gate 313 will set signal 315 to be high when either 
the state machine circuitry 301 is in the super high state 



or when Enable signal 235 is high. Signal 315 ultimately 
determines whether a switching cycle will occur. Thus, 
when the state machine circuitry 301 is not in the super- 
high state, the Enable signal 235 determines whether 
5 or not a switching cycle will occur. However,, when the 
state machine circuitry 301 is in the super-high state and 
super high signal 309 is in a logic high state, all switching 
cycles will occur at either one of two designated current 
limit levels. 

*0 [0025] In one embodiment, the inputs to latch 219 in- 
clude an OR gate output signal 245 and an AND gate 
output signal 243. The AND gate output signal 243 is 
high only when signal 315 and clock signal 239 gener- 
ated by oscillator 207 are both high. Thus, AND gate 

*5 215 provides output when logical high signal 315 is re- 
ceived and clock signal 239 is provided by oscillator 207. 
In operation, when signal 315 is high, the clock signal 
239 is transferred to latch 219 by the AND gate 215, 
thereby setting the latch 219 and enabling that cycle to 

20 go through and turn on the MOSFET 229. Conversely, 
when the signal 31 5 is low, it blocks the clock signal from 
setting the latch 219, and keeps the MOSFET 229 off 
during that cycle. 

[0026] In one embodiment, OR gate output signal 245 
25 is provided by OR gate 217 when the current threshold 
limit is reached or during the time when maximum duty 
cycle signal 237 is in an off state. In operation, OR gate 
output signal 245 is high when either the maximum duty 
cycle signal 237 is low or when the current limit is 
30 reached after the leading edge blanking delay, which is 
determined by leading edge blanking circuit 223, in or- 
der to turn off the MOSFET 229. 
[0027] In one embodiment, signal 317 generated by 
current limit adjust circuitry 305 is a voltage level pro- 
35 portional to the voltage across the MOSFET 229 on-re- 
sistance. Current limit states are determined by signals 
303a, 303b and 303c, which are generated by state ma- 
chine circuitry 301 . At higher current limit states, current 
limit adjust circuitry 305 changes signal 317 to become 
40 a lower proportion of the MOSFET 229 on-resistance 
voltage. At lower current limit states, block 305 causes 
signal 317 to become a higher proportion of the MOS- 
FET 229 on-resistance voltage. Current threshold com- 
parator 227 then compares signal 317 to a set voltage, 
45 current threshold limit voltage V ILIMIT 251. If signal 317 
is above the current threshold limit voltage V, UMIT 251 
the current limit signal is triggered and the MOSFET 229 
is turned off and-then -will not begin conducting until the 
beginning of the next on-time. 
50 [0028] In one embodiment, the switching regulatorcir- 
cuit 139 turns off the MOSFET 229 after the current on 
cycle when the signal 315 is pulled low and creates a 
condition where there will be no additional power sup- 
plied to the load. Accordingly, signal 315 in response to 
55 thex>utput.of.power.supply 100 selectively allows the on 
time of a current cycle of drive signal 249 to be main- 
tained and not allow or disable an on time of a next cycle 
of drive signal 249. When signal 315 is pulled high, the 
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MOSFET 229 will resume operation upon the beginning 
of the next on-period of the maximum duty cycle signal 
237. 

[0029] In one embodiment, a bypass circuit or 5.7V 
regulator 211, which includes the current source from 
the drain terminal 231 to the bypass terminal 145, reg- 
ulates the power level of regulator circuit power supply 
bypass capacitor 123 at a voltage level, which in one 
embodiment is 5.7 volts. This is done by charging the 
switching regulator circuit 139 power supply bypass ca- 
pacitor 123 when the MOSFET 229 is not conducting. 
In one embodiment, undervoltage comparator 21 3 pre- 
vents the MOSFET 229 from conducting again until the 
voltage at bypass terminal 145 reaches the desired volt- 
age level. Inverter 307 is used to invert the output of an 
undervoltage comparator 213. 

[0030] Figure 3 is a state machine diagram 351 illus- 
trating one embodiment of the processing flow between 
states of state machine circuitry 301 in accordance with 
the teachings of the present invention. As shown, one 
embodiment of state machine diagram includes five 
states: low state 353, lower medium state 355, upper 
medium state 357, high state 359 and super high state 
361. In one embodiment, each state selects from a plu- 
rality of current limit settings for current limit adjust cir- 
cuitry 305. Table 1 below summarizes the current limit 
settings or cycle skipping settings selected by the states 
according to one embodiment of the present invention. 



TABLE 1: 



State Machine Current Limit Settings 


STATE 


ENABLE=0 


ENABLE=1 


low 


skip 


0.4llim-max 


lower medium 


skip 


0.5IIim-max 


upper medium 


skip 


0.7llim-max 


high 


skip 


llim-max 


super high 


0.5llim-max 


llim-max 



[0031] As shown in the embodiment summarized in 
Table 1 , when in low state 353, a cycle of drive signal 
249 is skipped when Enable signal 235 is low and the 
current limit setting is 0.4 llim-max when Enable signal 
235 is high. When in lower medium state 355, a cycle 
of drive signal 249 is skipped when Enable signal 235 
is low and the current limit setting is 0.5 llim-max when 
Enable signal 235 is high. When in upper medium state 
357, a cycle of drive signal 249 is skipped when Enable 
signal 235 is low and the current limit setting is 0.7 llim- 
max when Enable signal 235 is high. When in high state 
359, a cycle of drive signal 249 is skipped when Enable 
signal 235 is low and the current limit setting is llim-max 
when Enable signal 235 is high. When in super high 
state 361, the current limit setting is 0.5 llim-max when 
Enable signal 235 is low and the current limit setting is 



llim-max when Enable signal 235 is high. Note that in 
one embodiment, no cycles are skipped in drive signal 
249 when in super high state 361. It is also noted that 
in one embodiment, the lower current limit settings, e.g. 
5 0.4llim-max, result in low flux density through the trans- 
former 125 when switching regulator circuit 139 oper- 
ates at lower frequencies within the audible frequency 
range (e.g. 20 Hz to 20 kHz). As a result, unacceptable 
audio noise is not generated by power supply 100 in ac- 
10 cordance with the teachings of the present invention. 
Stated differently, a switching regulator circuit 139 in ac- 
cordance with the teachings of the present invention will 
not operate within the audible frequency range unless 
the flux density is limited to be below a sufficiently low 
15 threshold value to reduce the generation of undesired 
audible noise. 

[0032] As shown in Figure 3, at power-up the state 
machine circuitry 301 starts at low state 353. The state 
machine circuitry 301 will stay in the low state 353 until 
20 a pattern of N equals 6 consecutive high Enable signals 
235 occur. In one embodiment, this will be the case 
when the output load 143 is light. The state machine cir- 
cuitry 301 will move up to lower medium state 355 upon 
the occurrence of a pattern of N equals 6 consecutive 
25 high Enable signals 235. This is illustrated in Figure 3 
with transition 363. The state machine circuitry 301 will 
stay in this state under a medium load 143. If the load 
143 is further increased, a pattern of N equals 6 consec- 
utive high Enable signals 235 will occur again and the 
30 state machine circuitry 301 will move up to high state 
359, and similarly to super high state 361. This is illus- 
trated in Figure 3 with transitions 367 and 375, respec- 
tively. If the load 143 is decreased, the state machine 
circuitry 301 will move down upon the occurrence of a 
35 pattern of 6 consecutive low Enable signals 235 until the 
appropriate state is established. For instance, transition 
377 illustrates state machine circuitry 301 changing 
from super high state 361 to high state 359, transition 
369 illustrates state machine circuitry 301 changing 
40 from high state 359 to upper medium state 357 and tran- 
sition 373 illustrates state machine circuitry 301 chang- 
ing from upper medium state 357 to low state 353. 
[0033] As mentioned earlier, improved transient re- 
sponse is provided for state machine circuitry 301 by 
45 incorporating hysteretic behavior in the medium state. 
Indeed, the medium state is separated into lower medi- 
um state 355 and upper medium state 357. Accordingly, 
hysteretic behavior in the selection of current limit levels 
is provided using lower medium state 355 and upper 
50 medium state 357 in accordance with the teachings of 
the present invention. 

[0034] In one embodiment, the current limit levels are 
chosen such that the power level delivered in different 
states are overlapping. For example, maximum power 
55 level delivered in upper medium state 357 when a pat- 
tern of 5 consecutive high Enable signals 235 are fol- 
lowed by one low Enable signal 235 is higher than the 
minimum power delivered in the high state 359 when a 
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pattern of 5 consecutive low Enable signals 235 are fol- 
lowed by one high Enable signal 235. Therefore, the 
maximum power delivered to the output of the power 
supply for the upper medium state 357 current limit set- 
tings when the power supply 100 operates at a maxi- 
mum on/off cycle ratio is greater than a minimum power 
delivered to the output of the power supply the high state 
359 current limit settings when the power supply oper- 
ates at a minimum on/off cycle ratio. 
[0035] Figure 4 is a schematic illustrating one embod- 
iment of state machine circuitry 301 of switching regu- 
lator circuit 139 in accordance with the teachings of the 
present invention. As illustrated, in one embodiment, the 
inputs to state machine circuitry 301 are the Enable sig- 
nal 235, the undervoltage (UV) signal 319 and the max- 
imum duty/cycle (Dmax) signal 237. The outputs of state 
machine circuitry 301 are a one bit super high signal 309 
and a three bit signal 303a/b/c including the high-llim 
signal 303a, the upper medium signal 303b, and the me- 
dium signal 303c. 

[0036] In operation, during power up, all the latches 
457, 459, 473, and 463 are reset to 0 through the UV 
signal 319. This places the state machine at low state 
353. 

[0037] During power-up, a counter 402 is also reset 
to the count 0 (000 in binary) because UV signal 319 is 
high, causing or-gate 433 to keep signal 424 high. In 
one embodiment, counter 402 is a 3 bit counter. In one 
embodiment, on each falling edge of Dmax 237 signal, 
the counter 402 counts to the next number. In one em- 
bodiment, count 6 signal 479 is the decoded output sig- 
nal for this counter 402. The count 6 signal 479 becomes 
logic high when the counter 402 counts to 6 (110 in bi- 
nary). One way the counter can be reset to the count 0 
(000 in binary) is by any change in the Enable signal 
235. If the Enable signal 235 changes from low to high, 
signal 411 from transition detector 498 will become mo- 
mentarily high. If the Enable signal 235 changes from 
high to low, signal 411 will also become momentarily 
high. If signal 411 becomes high, signal 424 from OR 
gate 433 becomes high and resets the counter back to 
the count 0 (000 in binary). Thus, the counter 402 will 
only keep counting if there is a pattern of consecutive 
high or low Enable signals 235. 

[0038] After start-up, when the counter 402 counts to 
N equals 6 (110 in binary), signal 479 becomes high, 
and if Enable signal 235 has been high during all this 
time, ANDgate 469 will, changethe.move-up signal 408 
to logic 1. When the move-up signal 408 becomes logic 
1, latch 457 will set medium signal 303c to logic 1. At 
this point the state machine is in the lower medium state 
355. As soon as the transition of medium signaP303c 
from logic 0 to 1 is detected, signal 423 will become mo- 
mentarily logic 1 , causing signal 431 and consequently 
signal 424 to become logic 1 and resetting the counter 
to the count 0 (000 in binary). 

[0039] When the counter counts to 6 again (110 in bi- 
nary), signal 479 becomes high again, and if Enable sig- 



nal 235 has been high during all this time, gate 469 will 
change the move-up signal 408 to logic 1. When the 
move-up signal 408 becomes logic 1 and since medium 
signal 303c is already logic 1, latch 459 will set the high 

5 signal 418 to logic 1 . At this point, the state machine 351 
is in the high state 359. The high current limit signal 303a 
is only logic 1 when both the high signal 418 and the 
Enable signal 235 are high. As soon as the transition of 
high state signal 418 from logic 0 to 1 is detected; signal 

10 420 will become momentarily logic 1 , causing signal 431 
and consequently signal 424 to become logic 1 and re- 
setting the counter to the count 0 (000 in binary). 
[0040] When the counter counts to 6 again (110 in bi- 
nary), signal 479 becomes high again, and if Enable sig- 

15 nal 235 has been high during all this time, gate 469 will 
change the move-up signal 408 to logic 1 . When the 
move-up signal 408 becomes logic 1 , and since high sig- 
nal 418 is already logic 1, latch 473 will set super high 
signal 309 to logic 1 . At this point the state machine cir- 

20 cuitry 301 is in super-high state 361. 

[0041] In one embodiment, to go down from super- 
high state 361, the Enable signal 235 has to stay low. 
When the counter counts to 6 (110 in binary), signal 479 
becomes high, and if Enable signal 235 has been low 

25 during all this time, gate 471 will change the move-down 
signal 407 to logic 1. When the move-down signal 407 
becomes logic 1, latch 473 will reset super high signal 
309 to logic 0. At this point the state machine circuitry 
301 is back in high state 359. As soon as the transition 

30 of super high signal 309 from logic 1 to 0 is detected, 
signal 415 will become momentarily logic 1 , causing sig- 
nal 431 and consequently signal 424 to become logic 1 
and resetting the counter to the count 0 (000 in binary). 
[0042] When the counter counts to 6 again (110 in bi- 
as nary), signal 479 becomes high again, and if Enable sig- 
nal 235 has been low during all this time, gate 471 will 
change the move-down signal 407 to logic 1. When the 
move-down signal 407 becomes logic 1 , and if nsuper- 
high signal 416 is logic 1 , latch 459 will reset high signal 

40 418 to logic 0. At this point the state machine circuitry 
301 is back in upper medium state 357. As soon as the 
transition of high state signal 418 from logic 1 to 0 is 
detected, signal 421 will become momentarily logic 1, 
causing signal 431 and consequently signal 424 to be- 

45 come logic 1 and resetting the counter to the count 0 
(000 in binary). 

[0043] When the counter counts to 6 again (1 1 0 in bi- 
nary),-signal 479 becomes high again, and if Enable sig- 
nal 235 has been low during all this time, gate 471 will 
50 change the move-down signal 407 to logic 1 . When the 
move-down signal 407 becomes logic 1 , and if nhigh sig- 
nal 425 is logic 1, latch 457 will reset medium signal 
303c to logic 0. At this point the state machine circuitry 
301 is back to low state 353. 

[0044] The medium state is additionally controlled by 
latch 463. The output of latch 463 decides whether or 
not the state machine circuitry 301 is in upper-medium 
357 or lower-medium state 355. During power-up, latch 
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463 is reset. Transition from high state 359 to upper me- 
dium state 357 sets the output of latch 463 to logic 1 , 
and transition from upper medium state 357 to low state 
353 resets the output of latch 463 to logic 0. Latch 463 
operation is as follows. Signal 421 will become logic 1 
on the high signal 41 8 transition from 1 to 0. This will set 
latch 463, making the upper-medium signal 303b logic 
1 . On the other hand, signal 428 will become logic 1 on 
the medium signal 303c transition from 1 to 0. This will 
reset latch 463, making the upper-medium signal 303b 
logic 0. 

[0045] Figure 5 is a schematic illustrating one embod- 
iment of current limit adjust circuitry 305 of switching 
regulator circuit 1 39 in accordance with the teachings of 
the present invention. As shown, a voltage divider circuit 
is formed with resistor 480 transistor 485 and resistors 
481, 482, 483 and 484 coupled in series between drain 
terminal 231 and ground. The inputs to current limit ad- 
just circuit 305 are the drain signal 231 , gate signal 249, 
and signal 303a/b/c. The output of current limit adjust 
circuitry 305 is signal 317. As shown in Figure 5, when 
medium signal 303c is logic 1 , resistor 484 is shorted in 
the current limit adjust circuitry 305. When upper-medi- 
um signal 303b is logic 1, resistors 484 and 483 are 
shorted in the current limit adjust circuitry 305. When 
high-llim signal 303a is logic 1, resistors 484, 483 and 
482 are shorted in the current limit adjust circuitry 305. 
The more resistors are shorted, the lower the voltage at 
signal 317 becomes relative to the drain voltage at drain 
terminal 231, thus adjusting or selecting the current limit 
setting. 

[0046] Figures 6-9 are timing diagrams illustrating 
waveforms of various embodiment of switching regula- 
tor circuit 139 operating in various states of a state ma- 
chine circuitry 301 with varying current limit levels in ac- 
cordance with the teachings of the present invention. As 
shown in Figure 6, at time TO, the state machine circuitry 
301 is in the low state 353. Accordingly the current limit 
for the drain current I DRAIN 255 is 0.4llim-max with En- 
able signal 235 equal to 1. After a pattern of N equals 6 
Enable signals 235 equal to 1 for the preceding N equals 
6 drive signal cycles, state machine circuitry 301 transi- 
tions to lower medium state 355 at time T1 . Accordingly 
the current limit for the drain current IDRAIN 255 is 
0.5Him-max with Enable signal 235 equal to 1. After a 
pattern of another N equals 6 Enable signals 235 equal 
to 1 for the preceding N equals 6 drive signal cycles, 
state machine circuitry 301 transitions to high state 359 
at time T2. Accordingly the current limit for the drain cur- 
rent IDRAIN 255 is llim-max with Enable signal 235 
equal to 1 . After a pattern of another N equals 6 Enable 
signals 235 equal to 1 for the preceding N equals 6 drive 
signal cycles, state machine circuitry 301 transitions to 
super high state 361 at time T3. Accordingly the current 
limit for the drain current IDRAIN 255 is llim-max with 
Enable signal 235 equal to 1 and 0.5 llim-max with En- 
able signal 235 equal to 0. 

[0047] As shown in Figure 7, at time T4, the state ma- 



chine circuitry 301 is in the super high state 361. Ac- 
cordingly, the current limit for the drain current IDRAIN 
255 is 0.5llim-max with Enable signal 235 equal to 0. 
After a pattern of N equals 6 Enable signals 235 equal 

5 to 0 for the preceding N equals 6 drive signal cycles, 
state machine circuitry 301 transitions to high state 359 
at time T5. Accordingly, the cycles in drive signal 249 
are skipped with Enable signal 235 equal to 0. After a 
pattern of another N equals 6 Enable signals 235 equal 

10 to 0 for the preceding N equals 6 drive signal cycles, 
state machine circuitry 301 transitions to upper medium 
state 357 at time T6. Accordingly, the cycles in drive sig- 
nal 249 are skipped with Enable signal 235 equal to 0. 
After a pattern of another N equals 6 Enable signals 235 

15 equal to 0 for the preceding N equals 6 drive signal cy- 
cles, state machine circuitry 301 transitions to low state 
353 at time T7. Accordingly, the cycles in drive signal 
249 are skipped with Enable signal 235 equal to 0. 
[0048] As shown in Figure 8, at time T8, the state ma- 

20 chine circuitry 301 is in the low state 353. Accordingly, 
the current limit for the drain current IDRAIN 255 is 
0.4Him-max with Enable signal 235 equal to 1. After a 
pattern of N equals 6 Enable signals 235 equal to 1 for 
the preceding N equals 6 drive signal cycles, state ma- 

25 chine circuitry 301 transitions to lower medium state 355 
at time T9. Accordingly, the current limit for the drain cur- 
rent IDRAIN 255 is 0.5llim-max with Enable signal 235 
equal to 1. After a pattern of another N equals 6 Enable 
signals 235 equal to 1 for the preceding N equals 6 drive 

30 signal cycles, state machine circuitry 301 transitions to 
high state 359 at time T1 0. Accordingly, the current limit 
for the drain current IDRAIN 255 is llim-max with Enable 
signal 235 equal to 1 and cycles in drive signal 249 are 
skipped with Enable signal 235 equal to 0. After a pat- 

35 tern of N equals 6 Enable signals 235 equal to 0 for the 
preceding N equals 6 drive signal cycles, state machine 
circuitry 301 transitions to upper medium state 357 at 
time T1 1 . Accordingly, the current limit for the drain cur- 
rent IDRAIN 255 is 0.7llim-max with Enable signal 235 

40 equal to 1 . 

[0049] It is appreciated that because of the hysteretic 
nature of the upper and lower medium states 359 and 
357, state machine 351 moves up first to high state 359 
before moving back down to upper medium state 357. 

^5 Stated differently, state machine 351 transitions from 
lower medium state 355 directly to high state 359 with- 
out transitioning through upper medium state 357. 
Therefore, the current limit of upper medium state 357 
is not selected when transitioning from lower medium 

so state 355 to high state 359. 

[0050] As shown in Figure 9, at time T12, the state 
machine circuitry 301 is in the high state 359. Accord- 
ingly, the cycles in drive signal 249 are skipped with En- 
able signal 235 equal to 0. After a pattern of N equals 6 

55 Enable signals 235 equal to 0 for the preceding N equals 
6 drive signal cycles, state machine circuitry 301 transi- 
tions to upper medium state 357 at time T13. Accord- 
ingly, the current limit for the drain current IDRAIN 255 
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is 0.7Him-max with Enable signal 235 equal to 1 and the 
cycles in drive signal 249 are skipped with Enable signal 
235 equal to 0. After a pattern of another N equals 6 
Enable signals 235 equal to 0 for the preceding N equals 
6 drive signal cycles, state machine circuitry 301 transi- 
tions to low state 353 at time T14. Accordingly, the cur- 
rent limit for the drain current IDRAIN 255 is 0.4llim-max 
with Enable signal 235 equal to 1. After a pattern of N 
equals 6 Enable signals 235 equal to 1 for the preceding 
N equals 6 drive signal cycles, state machine circuitry 
301 transitions to lower medium state 355 at time T15. 
Accordingly, the current limit for the drain current ID- 
RAIN 255 is 0.5llim-max with Enable signal 235 equal 
to 1 . 

[0051] It is appreciated that because of the hysteretic 
nature of the upper and lower medium states 357 and 
355, state machine circuitry 301 moves down first to low 
state 353 before moving back up to lower medium state 
355. Stated differently, state machine circuitry 301 tran- 
sitions from upper medium state 357 directly to low state 
353 without transitioning through lower medium state 
355. Therefore, the current limit of lower medium state 
355 is not selected when transitioning from upper me- 
dium state 357 to low state 353. 

[0052] In the foregoing detailed description, the meth- 
od and apparatus of the present invention has been de- 
scribed with reference to specific exemplary embodi- 
ments thereof. It will, however, be evident that various 
modifications and changes may be made thereto with- 
out departing from the broader spirit and scope of the 
present invention. The present specification and figures 
are accordingly to be regarded as illustrative rather than 
restrictive. 



Claims 

1. A switching regulator, comprising: 

a power switch coupled between first and sec- 
ond terminals, the first terminal to be coupled 
to an energy transfer element of a power supply 
and the second terminal to be coupled to a sup- 
ply rail of the power supply; 
a drive signal generator circuit coupled to a 
third terminal to receive a feed back signal rep- 
resentative of an output of the power supply, the 
drive signal generator to generate a drive signal 
coupled to control switching of the power switch 
responsive to the feedback signal, the drive sig- 
nal generator circuit to selectively disable each 
on period-ofthe drive^rgnaHnTesponse'tolhe 
feedback signal to regulate the output of the 
power supply; and 

a current limit circuit coupled to the power 
switch and the drive signal generator circuit to 
control the drive signal to limit a current flow 
through the power switch, the current limit cir- 



cuit having a plurality of current limit settings for 
the power switch selected responsive to the 
feedback signal. 

5 2. The switching regulator of claim 1 wherein the plu- 
rality of current limit settings for the power switch 
includes a finite number of current limit settings for 
the power switch. 

to 3. The switching regulator of claim 1 or 2 wherein the 
drive signal generator circuit is coupled to selective- 
ly maintain an on time of a current cycle of the drive 
signal and not allow an on time of a next cycle of 
the drive signal in response to the feedback signal. 

15 

4. The switching regulator of claim 1 or 2 wherein the 
drive signal generator is coupled to maintain an on 
time of a current cycle of the drive signal until a cur- 
rent flowing through the power switch reaches a se- 

20 lected one of the plurality of current limit settings for 
the power switch. 

5. The switching regulator of claim 1 , 2, 3 or 4 wherein 
the drive signal generator circuit comprises a state 

25 machine coupled to select among the plurality of 
current limit settings of the current limit circuit re- 
sponsive to a pattern of feedback signal values for 
a plurality of preceding drive signal cycles. 

30 6. The switching regulator of claim 5 wherein the pat- 
tern of feedback signal values for a plurality of pre- 
ceding drive signal cycles includes consecutive 
feedback signal values within one of two ranges for 
a plurality of N drive signal cycles. 

35 

7. The switching regulator of any of claims 1 to 6, 
wherein a maximum power delivered to the output 
of the power supply for one of the plurality of current 
limit settings of the current limit circuit when the 

40 power supply operates at a maximum on/off cycle 
ratio is greater than a minimum power delivered to 
the output of the power supply for a next higher one 
of the plurality of current limit circuit when the power 
supply operates at a minimum on/off cycle. 

45 

8. The switching regulator of claim 1 wherein the en- 
ergy transfer element comprises a transformer. 

9. The switching regulator of claim 8 wherein a flux 
so density of the transformer is such that audio noise 

produced by the transformer is not audible when op- 
erating in an audio frequency range at a lowest one 
of the plurality of current limit settings of the current 
limit circuit. 

55 

1 0. The switching regulator of claim 9 wherein an upper 
end of the audio frequency range is approximately 
20 kHz. 
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11. The switching regular of claim 5 of 6 wherein the 
state machine is coupled to operate in one of a plu- 
rality of states to select the plurality of current limit 
settings for the power switch. 

12. The switching regulator of claim 11 wherein the plu- 
rality of states includes a first state, a second state 
and a third state and wherein the plurality of current 
limit settings for the power switch includes a first 
current limit, a second current limit and a third cur- 
rent limit, wherein the first current limit is selected 
when the state machine operates in the first state, 
wherein the second current limit is selected when 
the state machine operates in the second state and 
wherein the third current limit is selected when the 
state machine operates in the third state, wherein 
the second current limit is greater than the first cur- 
rent limit and the third current limit is greater than 
the second current limit. 

13. The switching regulator of claim 12 wherein the 
state machine is coupled to transition directly from 
the first state to the third state in response to the 
pattern of feedback signal values for the plurality of 
preceding dive signal cycles. 

14. The switching regulator of claim 12 wherein the 
state machine is coupled to transition directly from 
the third state to the first state in response to the 
pattern of feedback signal values for the plurality of 
preceding drive signal cycles. 

15. The switching regulator of claim 13 or 14, wherein 
the plurality of states includes a fourth state in which 
the drive signal generator circuit is disabled from se- 
lectively disabling each on period of the drive signal 
in response to the feedback signal to regulate the 
output of the power supply. 

1 6. The switching regulator of claim 1 5 wherein the plu- 
rality of current limit settings includes a first current 
limit setting and a second current limit setting, the 
current limit circuit to limit the current flow through 
the power switch to the first current limit setting 
when the feedback signal is within a first range of 
two ranges, the current limit circuit to limit the cur- 
rent flow through the power switch to the second 
current limit setting when the feedback signal is 
within a second range of two ranges. 

17. A power supply, comprising: 

an energy transfer element having an energy 
transfer element input and an energy transfer 
element output coupled to an output of the pow- 
er supply; 

a power switch coupled between the energy 
transfer element input and a supply rail of the 



power supply; 

a drive signal generator circuit coupled to re- 
ceive a feedback signal representative of the 
output of the power supply, the drive signal gen- 

5 erator to generate a drive signal coupled to con- 

trol switching of the power switch responsive to 
the feedback signal, the drive signal generator 
circuit to selectively disable each on period of 
the drive signal in response to the feedback sig- 

10 nal to regulate the output of the power supply; 

and 

a current limit circuit coupled to the power 
switch and the drive signal generator circuit to 
control the drive signal to limit a current flow 
15 through the power switch, the current limit cir- 

cuit having a plurality of current limit settings for 
the power switch selected responsive to the 
feedback signal. 

20 18. The power supply of claim 17 wherein the energy 
transfer element comprises s primary winding cou- 
pled to the energy transfer element input and a sec- 
ondary winding -coupled to the energy transfer ele- 
ment output, wherein the current limit circuit is cou- 

25 pled to limit the current flow through the primary 
winding. 
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The power supply of claim 17 or 18 wherein the en- 
ergy transfer element comprises a transformer. 

The power supply of claim 18 wherein the drive sig- 
nal oscillates at a frequency greater than an audio 
frequency range if a flux density of the energy trans- 
fer element is at a value that causes the transformer 
to generate audible noise when driven by the drive 
signal. 

The power supply of claim 20 wherein an upper limit 
end of the audio frequency range is approximately 
20 kHz. 



45 



22. The power supply of any one of claims 17 to 21 
wherein the plurality of current limit settings for the 
power switch includes a finite number of current lim- 
it settings for the power switch. 

23. The power supply of any one of claims 17 to 22 
wherein the drive signal generator circuit comprises 
on/off control circuitry coupled to generate the drive 
signal, the on/off control circuitry coupled to selec- 
tively disable the on period of each cycle of the drive 
signal responsive to the feedback signal. 



24. The power supply of claim 23 wherein the drive sig- 
55 nal generator circuit disables a cycle of the drive sig- 
nal from being generated responsive to the feed- 
back signal. 
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25. The power supply of any one of claims 17 to 24 
wherein the drive signal generator circuit comprises 
a state machine couple to select among the plurality 
of current limit settings of the current limit circuit re- 
sponsive to a pattern of feedback signal values for 5 
a plurality of preceding drive signals. 

26. The switching regulator of claim 25 wherein the pat- 
tern of feedback signal values for a plurality of pre- 
ceding drive signal cycles includes consecutive 
feedback signal values within one of two ranges for 
a plurality of N drive signal cycles. 



gy transfer element that are greater than a flux den- 
sity threshold value. 

32. The method for regulating the power supply of claim 
31 wherein the flux density threshold value is a low- 
er end range of flux density threshold values of the 
energy transfer element that result in a generation 
of audible noise from the energy transfer element if 
operated within the audio frequency range. 



10 



27. A method for regulating a power supply, comprising: 

15 

switching a power switch coupled in series with 
an energy transfer element of the power supply 
with a drive signal to control an amount of pow- 
er delivered to an output of the power supply; 
selectively disabling a cycle of the drive signal 20 
from being generated responsive to the output 
of the power supply: 

selecting one of a plurality of current limit set- 
tings responsive to the output of the power sup- 
ply; and 25 
limiting a current flow through the power switch 
in response to the selected one of the plurality 
of current limit settings. 

28. The method for regulating the power supply of claim 30 
27 wherein selecting one of the plurality of current 
limit settings comprises changing states in a state 
machine responsive to output values of the output 

of the power supply for a plurality of preceding drive 
signal cycles. ' 35 



the 



drive signal from being generated comprises: 

maintaining an on time of a current cycle of the 
drive signal: and 

disabling an on time of a next cycle of the drive 
signal in~response to~the output values of the 
output of the power supply. 



31. The method for regulating the power supply of any 
one of claims 27 to 30 further comprising maintain- 
ing |a frequency of the drive signal above an audio 
frequency range for flux density values of the ener- 



40 



29. The method for regulating the power supply of claim 
28 wherein changing states in a state machine re- 
sponsive to output values of the output of the power 
supply comprises counting a number of consecutive 
output values of the output of the power supply with- 
in a first range of output values of the output of the 
power supply for a plurality of N drive signal cycles 

30. The method for regulating the power supply of claim 45 
27, 28 or 29 wherein selectively disabling a cycle of 
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